Abstract Detection of chemical cues of predators and food resources is a key for the behaviour of many species in aquatic ecosystems. We checked whether predator origin and diet, containing potential food and/ or alarm signals, affect the behaviour of omnivorous prey partly sharing their diet with a top predator. We conducted y-maze experiments to study the responses of invasive omnivorous and cannibalistic amphipods (Dikerogammarus villosus and Pontogammarus robustoides) to chemical cues of fish predators, injured amphipods and chironomid larvae (common amphipod food). As the predators, we used the goby Babka gymnotrachelus (sympatric with the amphipods) and piranha Pygocentrus nattereri (allopatric to the amphipods). The fish were either starved or fed amphipods or chironomids. D. villosus preferred predators fed chironomids and conspecifics as well as crushed conspecifics and chironomids, but avoided both hungry predators. Thus, D. villosus may perceive the presence of a top predator as an indication of both food resource and predation risk. P. robustoides avoided predators fed both amphipods (particularly conspecifics) and their alarm substances. The responses of both species depended more on the predator diet than on its species, which is likely to facilitate the recognition of allopatric predators and survival in newly invaded areas.
Introduction
Predation is one of the strongest factors shaping the relations between animals from successive trophic levels. As a consequence of predation pressure, prey species exhibit multilevel defence strategies expressed in different aspects, such as changes in behaviour, morphology or life history, taking place at an individual or population level (Sih & Wooster, 1994; Weber, 2003) . Exposure to predator induces sustained psychological stress (Clinchy et al., 2013) , which results in energetically costly non-consumptive effects (Werner & Peacor, 2003) , consisting in decreased foraging times, occupation of less suitable habitats, reduced fecundity (Gliwicz, 1994) and potential exposure to another predator (Relyea, 2008) . High costs of anti-predator behaviour are also associated with incorrect prey responses to non-predators or nonactive predators, which result in wasting valuable time and energy that would otherwise be available for foraging and reproduction (Lima & Dill, 1990; Dunn et al., 2008) . Incorrect identification of predation risk (type of predator) may also be responsible for an ineffective defence strategy (Å björnsson et al., 2004; . That is why a proper assessment of predation risk using all available signals indicating the presence of a predator, its condition and probability of attack, including feeding strategy (Bernot & Turner, 2001; Haddaway et al., 2014) , size (Radloff & Du Toit, 2004) , density (Pennuto & Keppler, 2008) and hunger level (Å björnsson et al., 1997) is crucial for prey individuals. Aquatic organisms often use chemical signals for communication (Brönmark & Hansson, 2000; Beermann et al., 2015) . These include kairomones: substances released by living organisms, which are perceived by and benefiting individuals of another species (Brönmark & Hansson, 2000) . Kairomones are commonly involved in prey-predator recognition systems (Baumgärtner et al., 2003; Schoeppner & Relyea, 2009; Szokoli et al., 2015) .
For omnivorous and cannibalistic prey species, for example, Gammarus spp. (MacNeil et al., 1997) , exudates of a top predator and/or conspecific alarm substances may contain ambiguous information not only on the predation risk, but also on the vicinity of a potential food source, as postulated (though not demonstrated) by Paterson et al. (2013) . This phenomenon, however, has not been fully confirmed by experimental studies yet. In such cases, ecological stress induced by predators (Clinchy et al., 2013) , responsible for non-consumptive predator effects, might be reduced compared to that posed by the scent of a predator alone.
In a stable ecosystem shaped by long-term evolutionary processes, the relationship between predator and prey is generally stable, modulated by slight seasonal fluctuations. However, this situation can be changed when non-native species with no common evolutionary history are involved. Invasive species can be more susceptible prey to a native predator (Zuharah & Lester, 2010) . One of the fundamental problems encountered by non-native organisms on newly inhabited territories is the presence of unknown predators against which no defence mechanisms had evolved (the ''naïve prey'' hypothesis; Sih et al. 2010 ).
Thus, the ability of a rapid adaptation to a new environment (Yoshida et al., 2003) including novel predators (Chivers et al., 1996; Wisenden et al., 1997) can be crucial for the success of non-native species on a new territory. Evolutionary changes in anti-predatory responses can be very fast and take place within just a few generations (Yoshida et al., 2003) . However, recent evidence suggests that a lack of a common evolutionary history not always corresponds to the lack of appropriate anti-predator responses (e.g. Haddaway et al., 2014) . There may be several reasons for such an appropriate response to a novel predator (Bourdeau et al., 2013) . For example, a non-native predator may emit a similar cue as those produced by co-existing predators (Sih et al., 2010) or prey may recognize the alarm substances of consumed or digested conspecifics in predator exudates (Chivers & Smith, 1998) .
To check whether a predator diet (containing conspecific or heterospecific alarm cues) and origin (co-evolving with prey or allopatric) affect antipredatory responses of omnivorous prey, we tested the behaviour of two invasive Ponto-Caspian amphipods: Dikerogammarus villosus (Sowinsky, 1894) and Pontogammarus robustoides (G.O. Sars, 1894) in y-maze experiments in the presence of sympatric or allopatric predators fed different types of food. These species belong to the most successful invaders in European waters (Grabowski et al., 2007; Rewicz et al., 2014) . D. villosus is one of the most widespread amphipods in Europe, reaching France and Great Britain in the West and exerting a strong impact on local communities (Rewicz et al., 2014) . The distribution of P. robustoides is more limited, with eastern Germany being its westernmost location, perhaps due to its avoidance of flowing waters (Ja_ zd_ zewski et al., 2002) .
We hypothesized that for omnivorous and cannibalistic amphipods (Dick & Platvoet, 2000; BacelaSpychalska & van der Velde, 2013) , exudates of predators fed particular types of diets might also contain attractants indicating the increased availability of food resources (Wisenden et al., 2009; Paterson et al., 2013) . This would reveal a dual nature of a predator cue, as information on both potential danger and availability of food. Additionally, the ability to detect conspecific and/or heterospecific alarm cues in predator exudates might allow prey to respond flexibly to unknown predators (Chivers & Smith, 1998) and/or limit their responses only to the presence of a currently foraging predator. Therefore, we expected that the anti-predator behaviour of invasive amphipods would depend on the composition of the predator diet, containing amphipod alarm substances or not.
Methods

Origin and maintenance of animals
We used amphipods collected in the littoral zone of the Włocławek Reservoir (a dam reservoir on the lower River Vistula, Central Poland), N: 52°37 0 03 00 , E: 19°19 0 37 00 . P. robustoides was captured with hand nets from the sandy bottom of the reservoir at a depth of 0.1-0.3 m. D. villosus was obtained using artificial substrata made of plastic Christmas tree branches submerged at a depth of 0.5 m. The amphipods were kept in 100-L single species stock tanks in water of the same physicochemical parameters as during the experiments (temperature 19°C, sustained by air conditioning, conductivity 480-530 lS/cm). We checked the water quality parameters using a multimeter Multi340i (WTW GmbH, Weilheim, Germany). The tank bottoms were covered by sand and zebra mussels providing shelters for the animals. Each individual was used in the experiments only once, not earlier than 5 days and not later than 2 weeks after capture, to allow their acclimation to laboratory conditions and to avoid exhaustion by prolonged captivity. In preliminary observations, we did not observe any changes in amphipod behaviour during that period.
We used two predator species: the Ponto-Caspian racer goby Babka gymnotrachelus (Kessler, 1857), sympatric to the selected amphipods, expanding its range in Europe together with them and including them in their diet (Kakareko et al., 2005; Brandner et al., 2013) , as well as the red piranha Pygocentrus nattereri, a species with no common evolutionary history with the tested amphipods. Therefore, we could test gammarid responses to familiar predators as well as to those they meet for the first time. The racer goby individuals were collected by electrofishing (type EFGI 650, BSE Bretschneider Spezialelektornik, Germany) from the aforementioned location in the Włocławek Reservoir at a depth of 0.5-1 m. The red piranha individuals were obtained from an aquarium shop. Immediately after capture, the racer goby were transported in 10-l containers with aerated water (3-4 individuals per a container, transport time: ca. 1.5 h) to 100-l stock tanks (8-10 individuals per tank) located in an air conditioned room at a constant temperature of 19°C. The piranhas (10 individuals per tank) were kept in 200-l tanks at 20-21°C (sustained by aquarium heaters).
Water in the stock tanks with amphipods and fish was constantly oxygenated and filtered using standard aquarium filters. Every week, we exchanged ca. 30% of the water volume. The animals were fed daily with frozen chironomid larvae. We did not observe any negative effects of transport and stocking conditions upon amphipod and fish condition and survival. The collection of fish and the experiment were conducted under permit of the Local Ethics Committee in Bydgoszcz, Poland, statement no 35/2013 from 12 December 2013.
All fish and subsamples of 100 randomly selected specimens of each amphipod species were measured with ImageJ 1.40 software (freeware by W. S. Rasband, U. S. National Institutes of Health, Bethesda, Maryland, USA, http://www.rsb.info.nih.gov/i). Mean body length of the amphipods did not differ between the species and was equal to 14.5 mm (min-max: 9-18.5 mm). The mean total length of the used fish also did not differ between the species and was equal to 8.5 cm (min-max: 7.5-10.0 cm). The amphipods and chironomid larvae used as donors of the alarm substance and fish food were weighed with Radwag AS 110/C/2 laboratory scales (Radom, Poland) to estimate the signal dose.
Experimental setup
To analyse the reactions of amphipods to fish kairomones and/or alarm substances, we used a glass y-maze constructed according to Baumgärtner et al. (2002) (Fig. 1 ). Gravitational inflow of water to the y-arms was provided from two separate 40-l source tanks containing appropriate signals or control water. The water flow in each y-arm was adjusted to 0.5 l min -1 using ball valves, and the water level was established at 5 cm. The outlet from the mixing zone and both inlets to the y-arms were covered by 1-mm mesh preventing tested animals from leaving the tank. We conducted the experiments during daytime, between ca. 9.00 and 18.00. Homogenous indirect light conditions (520 lx) were established and controlled daily via a light meter (L-20A, Sonopan Ltd., Białystok, Poland). We conducted the experiments at a temperature of 19°C, which commonly occurs from late spring till summer in shallow, nearshore areas of large European temperate rivers and reservoirs and is experienced by the tested species living there.
Water containing kairomones was obtained by incubation of 10 fish of a single species in a 200-L tank with fresh, filtered and aerated water for 24 h at 19°C. As the fish were incubated at a high density in a closed system, they certainly provided sufficient concentration of kairomone. Predator kairomone, to be effective in the field, needs to be detected by prey at lower concentrations than those obtained under laboratory conditions. We conducted three diet variants for each predator species: (1) frozen chironomidae larvae (60-80 individuals), also used to feed amphipods; (2) 20 living individuals of P. robustoides per day and (3) 20 living individuals of D. villosus per day and additionally the fourth variant with (4) starving predators. These quantities corresponded to ca. 1.2 g of the total wet biomass. The fish were fed the particular source of food for 3 days before their incubation, which can be regarded as sufficient to clean their digestive tracts from the remnants of previous food (Tseitlin, 1980) . They were not fed during the incubation itself to avoid cues from nonconsumed food organisms in the signal water. In the variant with starving predators, the fish were not fed for 3 days before incubation. The entire source tank was filled with water from the incubation tank. Predator densities in the closed incubation tanks used in our study were certainly higher than those found in the wild. Thus, the concentration of potential fish kairomones also exceeded the levels experienced in nature and was sufficient to trigger changes in amphipod behaviour. The control water was prepared according to the same procedure, but without adding any fish and food sources.
The alarm signals of injured prey were obtained by manual crushing of 20 amphipods or 60-80 chironomids (the same numbers as those included in the fish diet) mixed with 10 ml of control water. Such a mixture was filtered (40 lm gauze) and added to one of the source tanks filled earlier with control water. This resulted in the final concentration of 30 mg of crushed prey per 1 l of water in the source tank, which is similar to the doses used by Wisenden et al. (2009) and likely to elicit the amphipod response.
The water containing kairomones or alarm cues was added to the source tank immediately before each trial, ensuring the activity of the chemical signal (even in the case of its rapid degradation). Wisenden et al. (2009) showed that alarm cues from crushed Gammarus lacustris induced anti-predator responses even after 3 h after release.
We tested amphipods in the presence of one of the above-mentioned predation cues (two predators x four food variants as well as three alarm substances) in one of the y-arms and control water in the other. Moreover, we also conducted a test with control water in both arms of the y-maze to check for their equality.
After stabilizing the flow, we placed 10 amphipods into the mixing zone of the y-maze. Each experimental trial lasted for 35 min, including 5 min for acclimation and 30 min of behavioural observations. The experiment was recorded using an IP video camera (SNB-6004, Samsung, South Korea) placed above the tank.
The experiment was replicated 12-15 times (replicates with an object detection rate by the video analysis software lower than 90% were dropped from the analysis) for each type of predation cue. The order of replicates was randomized among particular treatments. After each replicate, the signal and control A, B test arms to which different signals can be applied; M mixing zone arms of the y-maze were switched, and the y-maze was cleaned carefully by rinsing it several times with hot and cold tap water.
Data analysis
To analyse the recorded video material, we used Noldus Ethovision XT 10.1 software. We determined (1) percentage of time spent by amphipods in each y-maze zone (both arms and mixing zone) and (2) number of entrances to each y-arm. The individuals tested in a single replicate were not independent of one another and, moreover, the software sometimes switched the identities of the individuals that had touched each other. Therefore, to avoid pseudoreplication, we determined cumulative values for all 10 individuals from each replicate and divided them by 10 to obtain average values, which were used as data points in the further analysis.
As we were interested in detecting directional responses of amphipods to the signals present in particular y-arms, our response variables used in the data analysis were (1) difference between the percentages of time spent by amphipods in each y-arm and (2) difference between the numbers of amphipod entrances to each y-arm. The differences were calculated by subtracting the value measured in the control y-arm from that measured in the signal y-arm. Thus, negative and positive values stood for avoidance and preference, respectively. For the control treatment containing no signals, we assigned the y-arms as signal or control by random. We assumed that amphipods would behave similarly in both y-arms in the control treatment, so that the response variables would be close to 0, whereas their response to any signal should result in a difference from the control treatment. Moreover, we analysed (3) time spent by amphipods in the mixing zone, to check if the applied signals made them move more or less often to both y-arms (which could indicate an increase or decrease in habitat exploration by amphipods, respectively).
We analysed the response variables using a twoway ANOVA with predator identity (none, goby or piranha) and predator diet/alarm source (none, chironomids, D. villosus or P. robustoides) as factors. We analysed the behaviour of both amphipods separately, as particular alarm/diet type cues were not equivalent for them in terms of perceiving conspecific and heterospecific signals. The data did not depart significantly from normality and homoscedasticity assumptions, as confirmed by a Shapiro-Wilk and Levene tests, respectively. We further analysed significant main effects using Tukey HSD tests and examined significant interactions with sequential Bonferronicorrected pairwise t tests.
Results
Time spent in the signal and control zone
The selectivity of both amphipods for the arms of the y-maze depended only on the food/alarm source, as shown by a significant main effect of this factor in the ANOVA (Table 1A , B). D. villosus spent significantly more time in the y-arm with the cues obtained from crushed chironomids or conspecifics, as well as from both predators fed these types of food ( Fig. 2A, B, C) . The effects of chironomid and conspecific cues on time spent by D. villosus in the y-arms did not differ from each other (Supplementary Table S1 ). P. robustoides significantly avoided the predation cue obtained from injured conspecifics, as well as both fish species fed P. robustoides (Fig. 3A, B, C) .
Time spent in the mixing zone Time spent by amphipods in the central zone depended on the predator identity and food/alarm source, which resulted in significant predator x alarm interactions in the ANOVA for both tested species (Table 1C, D) . D. villosus spent significantly less time in the mixing zone in the presence of all used signals except that emitted by piranha fed conspecifics and goby fed chironomids ( Fig. 2A , B, C, Table S3 ). The responses to amphipod signals were stronger than those induced by chironomids in the case of alarm and racer goby cues (Table S3) . Also, the responses of D. villosus to hungry predators were stronger than those to fed fish (Table S3) . P. robustoides significantly reduced time spent in the mixing zone in the presence of all signals released by fish (all diet types) except red piranha fed conspecifics (Fig. 3A, B, C) . The responses to amphipod signals were stronger than those induced by chironomids in the case of the racer goby cues, whereas the opposite situation took place for piranha (Table S4 ).
Number of entrances to the signal and control zones
The number of entrances to the y-arms by amphipods depended on the predator identity and food/alarm source, which resulted in significant predator x alarm interactions in the ANOVA for both tested species (Table 1E, F) .
D. villosus significantly less often entered the y-arm containing the signals of the racer goby fed P. robustoides and both hungry predators. The opposite reaction was observed to the y-arm containing the signals of the racer goby fed conspecifics and red piranha fed chironomids (Fig. 2D , E, F; Table S5 ).
P. robustoides significantly less often entered the signal y-arm containing cues of injured amphipods of both species and predators fed these types of food except the racer goby fed D. villosus ( Fig. 3B ; Table S6 ).
Discussion
Our results showed that both used species, although their common origin and feeding preferences exhibited remarkably different strategies of recognizing predation risk. Furthermore, we demonstrated that a predator cue could be used by D. villosus as a source of information about both predation risk and food resources.
In the presence of hungry predators, D. villosus in our study seemed to exhibit a freezing response (Sih & Wooster, 1994; Englund, 1997) , resulting in the relatively long time spent in the signal zone accompanied by the overall lower activity of animals. Thus, D. villosus used chemoreception to avoid predators, confirming the observations by Hesselschwerdt et al. (2009) . Moreover, this species was also able to avoid predators without common evolutionary history. This could be explained by several mechanisms (Bourdeau , 2013) . For example, a non-native predator cue can be similar to that emitted by co-existing predators (e.g. due to taxonomic similarity) (Ferrari et al., 2007; Sih et al., 2010) or an anti-predator response can be related to conspecific alarm signals contained in predator exudates (Chivers & Smith, 1998) . However, as the red piranha used in our study has no closely related counterparts sympatric to the Ponto-Caspian amphipods, and we observed avoidance reaction only towards hungry fish, D. villosus response was probably driven by other mechanisms. It could be a generalized reaction to fish, independent of species. Accordingly, von Elert & Pohnert (2000) demonstrated that active compounds of kairomones emitted by diverse fish could be very similar if not identical, supporting this hypothesis. Such a universal response to every hungry fish could result in costly and unnecessary defence reactions to non-predatory fish. However, in temperate freshwater ecosystems, only a small part of the fish community is unable to feed on amphipods (Brylińska, 2000; Kottelat & Freyhof, 2007) . Thus, such a response of D. villosus seems to be effective in the field. Apart from the avoidance response to hungry predators, we have demonstrated active preferences for a range of predation cues (those associated with chironomid or conspecific exudates). Theoretically, this might be a result of a freezing response of an animal that accidentally entered a predator zone and stopped its activity after sensing the danger (Sih & Wooster, 1994; Englund, 1997) , which might have led to the aggregation of prey in the vicinity of a predator, thereby simulating a preference. However, amphipods entered and left both y-arms several times during the test, and the number of their entrances to the preferred signal zone was greater than or at least equal to the number of visits to the control y-arm. Thus, choosing the y-arm was not associated with activity reduction and did reflect a true preference of amphipods. Dikerogammarus villosus exhibited preferences for kairomones produced by both tested predators, but only those fed conspecifics or chironomidae larvae. This species is often regarded as an omnivore with a strong tendency to predation on macroinvertebrates (Dick & Platvoet, 2000; Dick et al., 2002; MacNeil & Platvoet, 2005) . On the other hand, some field studies demonstrated its low trophic position, with a large share of plant food in its diet (Hellmann et al., 2015; Koester et al., 2016) . Thus, the feeding habits of D. villosus clearly depend on a number of factors, such as the community structure (Hellmann et al., 2015) or temperature (van der Velde et al., 2009). Notwithstanding these discrepancies, it can perceive the presence of a fish not only as a danger, but also as information about potential food resources (Paterson et al., 2013) , especially if the fish consumed chironomids-an important part of the diet of invasive amphipods (Bacela-Spychalska & van der Velde, 2013). Amphipods were found to assimilate and grow better on chironomids than on plant food (Gergs & Rothhaupt, 2008) , thus chironomids seems likely to be their preferred food type. In such a situation, amphipods attracted to fish may benefit from feeding directly on fish faeces or from finding an area rich in their prey. Apparently, such behaviour seems to be associated with an increased risk, however, experimental data (Błońska et al., 2015) indicate that D. villosus is not an optimal prey item for fish, having harder exoskeleton than other freshwater amphipods, which may result in the lower predation pressure on this species (Kobak et al., 2014) . In an area rich in alternative food resources, the predation pressure on amphipods can be rather low. Furthermore, D. villosus is able to utilize available anti-predator shelters, such as stones and zebra mussel beds, more efficiently than other amphipods (Kinzler & Maier, 2006; Kobak et al., 2014) . The presence of food was also found to inhibit avoidance reactions of Gammarus pulex to fish predators (Szokoli et al., 2015) , confirming that food cues can constitute a stronger stimulus than predator kairomones.
Pontogammarus robustoides exhibited remarkably different anti-predator strategy, despite its common origin and evolution with D. villosus. Generally, it exhibited an avoidance reaction to injured amphipods of both species and to kairomones of predators fed amphipods. A particularly strong response, involving both types of behaviour, was elicited by conspecific signals. However, contrary to D. villosus, this species did not respond to hungry predators. A similar relationship between the predator diet and prey response was observed for other amphipods (Smith & Webster, 2015) or fish (Roberts & Garcia de Leaniz, 2011) . Identification of predation risk based on alarm cues emitted by conspecifics and/or related species allows to avoiding responses to false signals, despite the lack of actual predation risk. Moreover, such a mechanism allows to responding efficiently to an unknown predator. An effective reaction to a predator without a common evolutionary history can be important for the survival of invasive species in new ecosystems. Furthermore, D. villosus may be perceived by other Ponto-Caspian amphipods as a potential stronger competitor and/or predator , and this might be yet another reason for the avoidance of its signals in the fish diet by P. robustoides.
Contrary to the behaviour of D. villosus, the response of P. robustoides to predation cues was often associated with the increase in activity, shown by the greater number of entrances to the y-arms compared to the control treatment (except the treatments with the racer goby as a predator). Amphipods could increase their activity searching for a safe shelter. P. robustoides often buries in soft substratum (e.g. sand) to protect itself from environmental dangers (Poznańska et al., 2013) , including predation (Błońska et al., 2015) . Such an opportunity was not provided in our design. On the other hand, D. villosus can efficiently cling to hard or mesh surfaces (BacelaSpychalska et al., 2013) , and it was easier for this species to find a suitable shelter in the y-maze (e.g. in the corners or on the mesh securing the outlets).
In many studies (Andersson et al., 1986; Wudkevich et al., 1997; Jermacz et al., 2015) , amphipods responded to predator kairomones by reduction of their movement activity to avoid detection. Such a response is usually associated with indirect predator effects, such as the limitation of foraging time and mate searching. During our tests, both species significantly reduced time spent in the mixing zone in which they were initially placed, actively moving to the y-arms several times in all treatments. Such a reaction is related with active responses to the applied signals, leading to the occupation of a zone with the minimum or maximum concentration of the cue in the case of avoidance or preference, respectively. Amphipod activity and switching between the zones can be also increased by the fact that they only perceived chemical cues in the y-maze, but could not find real sources of these cues (i.e. no fish, food or heterospecific amphipods were present directly in the y-arms). Nevertheless, differences in the occurrence time and/ or numbers of visits between the y-arms depending on the quality of the applied signal clearly show that the amphipods responded directionally to the signal source and point to their preference for or avoidance of the cue.
In our study, the differences between responses triggered by both predator species were clearly minor compared to the effects of predator diets. Even though some differences in amphipod responses to both predators were manifested in the time spent in the mixing zone (Tables S3-4 ) and (less often) in the difference in the numbers of visits between the y-arms (Tables S5-6 ), both amphipods clearly responded to both fish species, exhibiting a preference or avoidance regardless of their origin. Moreover, their responses to each predator evidently differed depending on the quality of the fish diet. Contrary to our findings, Paterson et al. (2013) in their meta-analysis of responses of aquatic invertebrates to predator cues concluded that predator diet does not influence antipredatory behaviour of prey. This discrepancy can be accounted for by the peculiarity of the species tested in our study. First, both our species are omnivorous, which makes their ability to detect additional foodrelated signals in the predator scent particularly adaptive. Second, they are highly invasive, and this trait may be enhanced by the ability to respond specifically to the diet of an unknown predator. This speculation cannot be fully resolved without a direct comparison to non-invasive species. However, Paterson et al. (2013) has demonstrated that such differentiation by aquatic invertebrates is an exception, rather than a rule. On the other hand, different responses of prey to various predation cues, i.e. predator kairomones and conspecific alarm substances were also observed in the zebra mussel Dreissena polymorpha (Czarnołęski et al., 2010; Kobak et al., 2010) , which is a highly invasive species (Karatayev et al., 2002) .
Thus, perhaps this trait might be associated with the invasiveness. Notwithstanding these doubts, the ability to base anti-predator responses on a predator diet, rather than on its identity, is certainly beneficial for species occupying novel areas and often encountering unknown communities. On the other hand, another amphipod, G. pulex, regarded as less invasive and less carnivorous than the species studied here (Grabowski et al., 2007) , did select between two fish species posing different levels of danger (Szokoli et al., 2015) .
Freshwater communities are much more heterogeneous and isolated from one another than terrestrial or marine systems (Cox & Lima, 2006) , which increases the possibility of encountering novel predators and prey species by migrating organisms. Moreover, prey tend to suffer more from unknown predators than from native enemies (Salo et al., 2007) . Therefore, the ability to respond adequately to unknown predators can be particularly important for freshwater species and strongly increase their invasive potential. Such species can become particularly successful invaders and contribute to the threats posed by invasive organisms to the world's biodiversity (Clavero & Garcia-Berthou, 2005; Simberloff & Vitule, 2014) .
To our knowledge, a positive interaction in the preypredator system shown in our study for D. villosus has never been found before. Wisenden et al. (2009) observed a reversed response of G. lacustris to crushed conspecifics (an avoidance of a 3-h-old exudate and a preference for a 6-h-old exudate), showing that a food signal persists longer than an alarm cue. However, in our study, the amphipods were attracted to fresh cues, prepared directly before the test, so they exhibited no avoidance at all. This phenomenon reveals unknown abilities of the studied amphipods, which can facilitate their survival and colonization.
In conclusion, the results of our study indicate that Ponto-Caspian invasive amphipods use chemoreception to detect predation risk as well as food resources. We found that the predator diet was an important factor used in the recognition of predators and triggering the prey response. Moreover, amphipods may even prefer the vicinity of predators under some conditions. This uncommon behaviour suggests strong inclination to search for feeding grounds, even despite of the increased risk of predation. Thus, omnivorous prey partly sharing their diet with a top predator may benefit from its presence if the predation risk is not high (for instance: other types of food are preferred by the top predator) and an additional signal of the vicinity of abundant food is carried by the top predator.
Our results show the importance of biotic interactions in community functioning. The presence or absence of particular predators and prey species may strongly modify the performance of organisms, including their behaviour, competitive abilities, feeding preferences and survival. For alien species, this may greatly affect the possibility of their invasion success as well as their environmental impact. It is likely that species which can correctly recognize and interpret the risk and benefit associated with the presence of other organisms would be more efficient in expanding into new areas and would exert stronger impact on local communities. Such relationships between alien species and the environment, as well as their implications for conservation issues, are difficult to predict without comprehensive knowledge of their interactions with other members of the community, including those re-created in a new place with other aliens coming from the same region and those formed anew with local taxa.
